The lysine acetylation state of nonhistone proteins may be regulated through histone deacetylases (HDACs). Evidence suggests that nitric oxide (NO) synthase 3 (NOS3; endothelial NOS) is posttranslationally lysine acetylated, leading to increased NO production in the endothelium. We tested the hypothesis that NOS3 is lysine acetylated and that upregulated HDAC1-mediated deacetylation leads to reduced NO production in endothelial cells. We determined that NOS3 is basally lysine acetylated in cultured bovine aortic endothelial cells (BAECs). In BAECs, HDAC1 is expressed in the nucleus and cytosol and forms a novel protein-protein interaction with NOS3. Overexpression of HDAC1 in BAECs resulted in a significant reduction in NOS3 lysine acetylation (control ϭ 1.0 Ϯ 0.1 and HDAC1 ϭ 0.59 Ϯ 0.08 arbitrary units, P Ͻ 0.01) and significantly blunted basal nitrite production (control 287.7 Ϯ 29.1 and HDAC1 172.4 Ϯ 31.7 pmol·mg Ϫ1 ·h Ϫ1 , P Ͻ 0.05) as well as attenuating endothelin-1-stimulated nitrite production (control ϭ 481.8 Ϯ 50.3 and HDAC1 243.1 Ϯ 48.2 pmol·mg Ϫ1 ·h Ϫ1 , P Ͻ 0.05). While HDAC1 knockdown with small-interfering RNA resulted in no change in NOS3 acetylation level, yet increased basal nitrite production (730.6 Ϯ 99.1 pmol·mg Ϫ1 ·h Ϫ1 ) and further exaggerated increases in endothelin-1 stimulated nitrite production (1276.9 Ϯ 288.2 pmol·mg Ϫ1 ·h Ϫ1 ) was observed. Moreover, overexpression or knockdown of HDAC1 resulted in no significant effect on NOS3 protein expression or NOS3 phosphorylation sites T497, S635, or S1179. Thus these data indicate that upregulated HDAC1 decreases NOS3 activity, most likely through direct lysine deacetylation of NOS3. We propose that HDAC1-mediated deacetylation of NOS3 may represent a novel target for endothelial dysfunction. histone deacetylase; nitric oxide synthase; endothelial cells; lysine acetylation NITRIC OXIDE (NO) deficiency is causally linked to many diseases and is a hallmark of endothelial dysfunction. In the endothelium, NO is produced by NO synthase 3 (NOS3, endothelial NOS). NO bioavailability is regulated on many levels including transcriptional, translational, posttranslational modifications, as well as substrate, and cofactor availability (20) . Derangements in these regulatory pathways lead to endothelial dysfunction in many cardiovascular diseases including atherosclerosis, diabetes, and hypertension (26).
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Posttranslational modification via serine, threonine, and tyrosine phosphorylation is critically important in the regulation of NOS3-derived NO production. Phosphorylations of S635 and S1179 (positions based on bovine NOS3) have been widely studied and shown to stimulate NOS activity and NO production (36, 39) , whereas phosphorylations at Y81 and S615 have also been reported to increase NO production (14, 39) . Phosphorylation at S116, T495, and Y657 are negative regulatory sites with T495 being the most studied site (6, 28, 30, 39) . Posttranslational modifications of NOS3 are also critical for subcellular localization and protein-protein interactions. NOS3 can undergo myristoylation (38) and palmitoylation (42) , resulting in anchoring of NOS3 to caveolae in the plasma membrane. In the caveolae, NOS3 interacts with caveolin-1 (12), leading to inhibition of NOS3 (35) . As well, membrane-bound NOS3 is basally S-nitrosylated in blood vessels, leading to inhibition of NOS3 activity (10, 11) . However, NOS3 can be rapidly denitrosylated and activated by agonists such as vascular endothelial growth factor (10) . Moreover in pathological settings, changes in the posttranslational status of NOS3 play a key role. For example, in atherosclerosis there is an increase in phosphorylation of S116 and a decrease in S1179 in the aortic vasculature, resulting in a significant decrease in NO bioavailability (28) . In addition, our laboratory reported that S1179 is decreased in small mesenteric arteries in hypertensive rodents (24, 40) . Thus the posttranslational modification status of NOS3 is critical for NOS3 activity.
Recently, a novel posttranslational modification of NOS3 was identified. Aspirin (acetysalicylic acid) leads to an increase in NOS3 lysine acetylation and NO production in human umbilical vein endothelial cells (HUVECs) (22) . Protein acetylation is a dynamic posttranslational modification, whereby acetyl groups are added or removed from lysine residues by acetyltransferases or deacetylases, respectively (45) . Deacetylation occurs via the histone deacetylases (HDACs), which were originally described to deacetylate histones (18) . Recently, HDACs have been described to regulate nonhistone protein lysine deacetylation. There are four classes of HDACs based on their structure and homology to the yeast transcriptional repressors: class I HDAC 1, 2, 3, and 8; class IIa HDAC 4, 5, 7, and 9; class IIb HDAC 6 and 10; class III sirtuins; and class IV HDAC11 (see 3). Although the HDACs are classically described as being expressed in the nucleus, class I and IIb are also found in the cytosol (31, 43) , suggesting that these two classes of HDACs may be more apt to deacetylate nonhistone proteins. Jung et al. (22) showed that HDAC3 antagonizes aspirin-induced NOS3 acetylation and reduces NO production in HUVECs. HDAC1 was determined to interact in a DNA binding complex with the SP1 site that is proximal to the NOS3 promoter and inhibits NOS3 transcription (15, 16) . In addition, we recently found that HDAC1 expression was upregulated in a model of early life stress-induced endothelial dysfunction (19) . The putative role of HDAC1 in posttranslational deacetylation of NOS3 has not been determined; thus, we were interested to test the hypothesis that HDAC1-dependent NOS3 deacetylation reduces NO production in aortic endothelial cells.
METHODS
Cell culture. All chemicals were purchased from Sigma (St. Louis, MO) unless noted. Primary bovine aortic endothelial cells (BAECs) were purchased from Cell Applications (San Diego, CA), and COS7 (with no endogenous NOS3) were purchased from American Type Culture Collection (Manassas, VA). Both cells were grown in Dulbecco's modified Eagle's medium (Life Technologies, Grand Island, NY) with 1% penicillin-streptomycin and 10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA). Passages 3-6 were used in the experiments. For transfection experiments, cells were grown to 90 -100% confluency in 100-mm plates (immunoprecipitation experiments) or 12-well plates (nitrite experiments) and transfected at a ratio of 1 g plasmid DNA:8 l linear polyethyleneimine (Polysciences, Warrington, PA). Empty pcDNA3.1 was used as the vector control, and human HDAC1-Flag (9) expression plasmid was purchased from Addgene (Cambridge, MA). The cells were incubated at 37°C in a 5% CO 2-95% room air incubator for 48 h with the medium changed after 24 h of transfection.
Bovine HDAC1 knockdown experiments were performed with custom bovine Mission small-interfering RNA (siRNA) of three siRNAs targeting three regions against bovine HDAC1 (NM_001037444.2) or scramble negative control. BAECs were transfected using the reverse siRNA protocol of Invitrogen with lipofectamine RNAiMax. For 12-well plates, 60 pmol of siRNA (all 3 combined simultaneously) and 1 l of RNAiMax was placed on the BAECS for 24 h and the medium changed after 24 h of transfection.
mRNA measurements of bovine NOS1, NOS2, and NOS3. BAECs in six-well plates were transfected with 2 g of empty vector or HDAC1-Flag as described above. Total RNA was extracted using Tri-Reagent following the manufacturer's instructions. Relative expression of NOS1, NOS2, and NOS3 were determined by real-time, quantitative, reverse-transcriptase PCR using the QuantiFast SYBR Green RT-PCR kit (Qiagen, Valencia, CA). Bovine-specific primers were designed with Primer-Blast (45) (5= to 3= orientation and synthesized by Integrated DNA Technologies, Coralville, IA): NOS1F1, CCTCAAGAGCACGTTGGGAA; NOS1R1, GGACGTCTTCAG-GCTTTCGT; NOS2F1, AGAGACGGGGAGATCGGAAA; NOS2R1, CATGCAGAGAACCTTGGGGT; NOS3F1, AGGGGCCCAAGTTC-CCTC, NOS3R1 CAGGGCCCGTCCTGTTG; GAPDHF1, TTAT-GACCACTGTCCACGCC; and GAPDHR1, GATATTCTGGGCAGC-CCCTC. RNA (100 ng) and 25 pmol of primers per 25 l reaction, with an annealing temperature of 60°C, was used to determine relative mRNA expression. The data were normalized to the housekeeping gene GAPDH and standardized to the average of the vector controls, using the 2 ϪddCT2 method.
Nuclear and cytosolic extracts. BAECs were fractionated in nuclear and cytosolic compartments using Cayman Chemical's (Ann Arbor, MI) nuclear extraction kit. Ten micrograms of nuclear and cytosolic fractions were separated by SDS-PAGE on 8% polyacrylamide gels and Western blot analyses performed as previously described (21) .
Immunoprecipitation. Immunoprecipitations were completed with 500 g of protein (21), loaded with anti-acetyl-lysine-conjugated, anti-NOS3-conjugated, or IgG control protein A/G beads (Santa Cruz Biotechnology) overnight as previously described (21) . Western blot analyses of immunoprecipitated proteins and lysates were performed as previously described (21) .
Antibodies. The following antibodies were used: anti-acetyl-lysine Nitrite analyses. Nitrite experiments were preformed as previously described (21) . BAECs were treated with vehicle (water) or 100 nM endothelin-1 (American Peptide, Sunnyvale, CA, dissolved in water) or vehicle (0.1% DMSO) or 3 M ionomycin (Cayman Chemical) for 1 h. Nitrite was measured by high-performance liquid chromatography on the ENO-20 (Eicom, San Diego, CA).
Statistical analysis. All experiments were replicated in triplicate, at least 3 independent times on different days, N ϭ 3 or otherwise noted. Unpaired, two-tailed Student's T-test and two-factor ANOVA (for treatment and time) with Bonferroni post hoc test were used. P Ͻ 0.05 was considered statistically significant.
RESULTS

HDAC1 is expressed in BAECs and interacts with NOS3.
A single band with molecular mass of 62 kDa, which corresponds to the predicted molecular mass for HDAC1, was specifically detected in the BAEC nuclear and cytosolic fractions (Fig. 1A) , indicating that HDAC1 is endogenously expressed in BAECs. To determine if HDAC1 forms a protein-protein interaction with NOS3, we performed immunoprecipitation pull-down assays in BAECs and a reconstituted system in COS7 cells. HDAC1 and NOS3 endogenously interact in BAECs (Fig. 1B) , as well as in a reconstituted system with overexpression of HDAC1-Flag and NOS3 in COS7 cells, verifying these two proteins form a protein-protein interaction (Fig. 1C) .
HDAC1 overexpression reduces NOS3 acetylation and decreases nitrite production in BAECs. BAECs express high levels of NOS3 mRNA [average cycle threshold (CT)
Overexpression of HDAC1 was confirmed by Western blot analysis with anti-HDAC1 ( Fig. 2A) . Basally, NOS3 was found to be lysine acetylated in BAECs (Fig. 2B) as determined by immunoprecipitation analysis. Overexpression of HDAC1 resulted in a significant reduction of NOS3 acetylation (P Ͻ 0.001, Fig. 2, B and C) ; however, increased HDAC1 did not significantly affect NOS3 phosphorylation sites T497, S635, S1179 (based on bovine sequence), or total NOS3 protein expression (Fig. 2, D and E) .
Under basal conditions, BAECs overexpressing HDAC1 had significantly reduced nitrite production compared with that of control cells (P Ͻ 0.05, Fig. 3A ). To stimulate NOS3 activity, acute endothelin-1 (ET-1) and ionomycin treatment were analyzed. In control cells, acute ET-1 treatment led to a significant increase in nitrite production (P Ͻ 0.05, Fig. 3A) . However, BAEC-overexpressing HDAC1 had an attenuated response to ET-1, producing significantly less nitrite than control BAECs (Fig. 3A) . Ionomycin resulted in a significant increase in BAEC nitrite production, about five times higher than vehicle-treated cells; however, ionomycin-dependent nitrite production was similar between the control and HDAC1 overexpressing BAECs (P ϭ 0.78, Fig. 3B ). Ionomycin treatment did not significantly affect NOS3 acetylation level (Fig. 3C) ; however, it significantly reduced T497 phosphorylation (Fig. 3, D and E) .
HDAC1 knockdown increases NO production in BAECs. Bovine-specific HDAC1 siRNA resulted in a 50% reduction in HDAC1 protein expression (Fig. 4, A and B) . BAECs with reduced HDAC1 produced significantly more nitrite than scramble siRNA-transfected BAECs (Fig. 4C) . Acute endothelin-1 treatment also resulted in significantly more nitrite produced by HDAC1 knockdown BAECs compared with scramble (Fig. 4C) ; however, acute ionomycin treatment significantly increased nitrite production five times higher in both scramble control and HDAC1 knockdown BAECs (Fig. 4C) . HDAC1 knockdown did not significantly affect NOS3 acetylation level (Fig. 4 , D and E, P ϭ 0.19), NOS3 phosphorylation, or total NOS3 protein expression (Fig. 4, F and G) .
DISCUSSION
The novel finding of this study demonstrates that upregulated HDAC1 deacetylates NOS3, directly resulting in decreased endothelial NO production. Thus endogenous lysine acetylation of NOS3 is a novel posttranslational modification, and deacetylation by HDAC1 reduces NO production in endothelial cells. Furthermore, HDAC1 knockdown increased en- dothelial NO production. We propose that HDAC1-specific inhibitors may be relevant targets for cardiovascular disease, specifically endothelial dysfunction.
Lysine acetylation is a reversible posttranslational modification (41) . Recently, ϳ1,700 proteins were determined to be lysine acetylated and proposed to regulate many biological processes (7) . For example, in endothelial cells, hypoxia leads to an upregulation of HDAC6, resulting in deacetylation of cortactin, a critical mediator in angiogenesis through endothelial cell sprouting and migration (23) . In our study, we identified NOS3 as a substrate for lysine acetylation and further determined that HDAC1, a class I HDAC, deacetylates NOS3, resulting in a significant decrease in NO production without changes to total NOS3 expression or NOS3 phosphorylation status. These data indicate that endothelial cell production of NO is regulated by direct lysine acetylation of NOS3, which is inhibited by HDAC1. Moreover, we determined that HDAC1 inhibits endothelial NO production under stimulated states as well. ET-1 activates endothelial NO production (4, 17) , and HDAC1 overexpression blunted ET-1-dependent NO production in our study. Increasing intracellular calcium is a prominent NOS3 stimulus (29, 32) , and in our study we found a significant fivefold increase in endothelial NO production with ionomycin treatment; however, HDAC1 overexpression did not significantly affect NO production. These findings indicate that HDAC1 regulates NOS3 lysine acetylation and endothelial NO production under basal and agonist-stimulated states, however, interestingly, not when intracellular calcium is maximally increased with ionomycin (13) , suggesting that the acetylation/ deacetylation of NOS3 may regulate the sensitivity of NOS3 activity to cofactors/protein activators or subcellular localization or desensitize NOS3 activity to inactivators without modulating the posttranslational phosphorylation of NOS3. Ionomycin leads to a significant reduction in phosphorylation of NOS3 T497, as previously shown (30) and confirmed in this study to activate NO production. We speculate that under these conditions when intracellular calcium is greatly increased, phosphorylation regulation is dominant in regulating NOS3 activity. However, when calcium levels are lower, acetylation/ deacetylation of NOS3 may be more dominant. This allows for more "fine tuned" regulatory steps for NOS3 activation under different stimuli (such as acute increases in ET-1 or shear stress) to mediate differing degrees of NO production. This type of regulation also provides redundancy to maintain critical NOS3 activation. Accordingly, we would predict that HDAC1 inhibition may not be beneficial in all cases. Further experimentation is necessary to test these hypotheses.
Increased HDAC activity is associated with numerous pathologies including cancer and cardiovascular diseases. Two HDAC inhibitors are approved by the Food and Drug Administration for the treatment of cutaneous T-cell lymphoma (27) . More evidence is emerging that deranged HDAC activity is also linked to cardio-renal pathologies, including heart failure (34), hypertension (5), and diabetes (1, 8) , and in sickle cell disease, specifically, HDAC1 and HDAC2 are implicated (2). HDAC inhibitors show broad anti-inflammatory effects through inhibition of proinflammatory cytokines (33), cardiac hypertrophy (5, 25) , and renal fibrosis (1, 37) . Advandi et al. (1) showed that in vivo HDAC inhibition with Vorinostat (a pan HDAC inhibitor) in a model of diabetes resulted in reduced glomerular NOS3 expression and diminished renal injury through inhibition of nitrosative and oxidative stress (1) . Moreover, we recently reported that mice exposed to maternal separation with early weaning (a model for early life stress, anxiety, and depression) exhibit endothelial dysfunction, which is reversed with pan-HDAC inhibition (19) . Thus the underlying etiology of the vascular pathology may have great impact on the specificity of HDAC inhibition (selective isoform vs. broad class specific).
Previously, HDAC3 (class I HDAC) overexpression was reported to not affect NOS3 expression in HEK293 or HUVECs (22) . Here, we show that HDAC1 overexpression decreased NOS3 mRNA expression, but after 48 h there was no detectable difference in NOS3 protein expression. This suggests that chronic increases in endothelial HDAC1 may also reduce NOS3 protein expression, leading to further endothelial dysfunction. Recently, in an ischemia-reperfusion injury model in HUVECs, there was global increase in HDAC activity and a significant decrease in NOS3 expression proposed to be due to decreased NOS3 transcription via HDAC1 inhibition of the NOS3 promoter (44) . HDAC1 interacts with the SP1 site, just proximal to the NOS3 promoter, and inhibits NOS3 transcription in endothelial cells (15) . Furthermore, treatment of HUVECs with the pan-HDAC inhibitor trichostatin A (75 and 150 nmol/l for 6 h) prevented the injury-mediated NOS3 downregulation (44) . Thus, in the cell injury model, deranged HDAC activity results in epigenetic modifications and changes in NOS3 expression. Taken together, these in vitro and in vivo studies suggest that pan-HDAC inhibition may have opposing effects on transcriptional regulation of NOS3 expression, leading to changes in NO production. We speculate that targeting specific HDACs, such as the case of HDAC1 in our study, may have different outcomes than using pan-or class-HDAC inhibitors with respect to NOS3 expression and NO production.
On the contrary to HDAC1 overexpression, HDAC1 knockdown with siRNA led to a significant increase in basal and ET-1-stimulated nitrite production. However, this did not significantly affect NOS3 acetylation as determined by immunoprecipitation. Further experiments are required to confirm these results with mass spectrometry analysis of NOS3 lysine acetylation sites that are HDAC1 sensitive. We speculate that HDAC1 knockdown may influence acetylation/deacetylation of NOS3 specific-interacting proteins and/or availability of cofactors such that HDAC1 is involved in a complex regulatory scheme of NOS3.
Perspectives. HDAC inhibitors are proposed to have enormous therapeutic potential for many diseases. HDAC inhibition may be a novel treatment for endothelial dysfunction, a pathology associated with numerous cardiovascular diseases. For instance, patients with pulmonary arterial hypertension have significantly higher lung HDAC1 levels, increased HDAC1 expression in remodeled pulmonary vessels, and HDAC inhibition reduced established hypoxia-induced pulmonary hypertension in a rat model of pulmonary arterial hypertension (47) . We hypothesize that hyperactive HDAC1 activity in the endothelium leads to a significant decrease in acetylated NOS3, resulting in decreased NO production and endothelial dysfunction. Studies in our laboratory are underway to test this hypothesis in chronic models of endothelial dysfunction. Finally, more studies determining the outcomes of broad versus selective or specific HDAC isoform inhibition are needed to determine the best therapeutic approach to treating HDAC-mediated cardiovascular diseases.
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